Background: The assimilation between three-dimensional (3D) imaging techniques and dental forensic science can provide rich and stable information for human identification. This study aimed to determine the effective number and surfaces of teeth for dental identification through the 3D imaging approach. Material and methods: In the present study, maxillary dental casts were fabricated from subjects who met the inclusion criteria and scanned using a 3D scanner Vivid 910. Rapidform XOS/SCAN software was used to create and trim the 3D point cloud data. Subsequently, two types of 3D surface data of dental casts were registered and the root mean square errors (RMSEs) between subjects were calculated using iterative closest point (ICP) algorithm in MATLAB. Two sets of experiments with 120 combinations of the superimposed 3D dataset were designed, termed as experiments 1 and 2. Results: In experiment 1, the difference between subjects was clearly distinguished with a minimum of six teeth of the dental arch. The results of experiment 2 suggest that the labial surfaces of the anterior teeth are sufficient to be used for dental identification. Conclusion: Through these experiments for all possible pairs of subjects, a clear difference was observed in the RMSE between the genuine and imposter pairs. These results indicate the potential of using the 3D imaging technique to achieve highly accurate human identification. It is suggested that a future study with a larger sample number will evaluate the robustness and accuracy of this method.
Background
Teeth are the hardest and most durable substance in the human body that can endure extreme conditions, are resistant to decomposition, and have various anatomical characteristics. In forensics fields, the unique characteristics of human dentition are widely accepted for identification. Because of these advantages, forensic odontology is considered as a dependable and reliable method of human identification (Andersen et al. 1995; Delattre 2000; Pretty and Sweet 2001; Koehler and Brown 2009; Verma et al. 2014; Priyanka and Prasad 2015) .
Several scientific analysis and data collection methods have undergone a significant transformation in forensic odontology to accommodate human identification (Jeddy et al. 2017) . One of the great improvements in this area is the assimilation between forensic dentistry and information technology such as dental imaging techniques, bite-mark analysis, and preservation of the dental records (Heinrich et al. 2018) . The common digital imaging technique which is used in dental identification is carried out using the two-dimensional (2D) approach, such as comparisons of radiographic images, photographs, and visual identification (Manigandan et al. 2015) . In addition to 2D imaging, many studies use the three-dimensional (3D) imaging systems to obtain more accurate and precise results in forensic identification (Evans et al. 2010; Pramod et al. 2012; Abduo and Bennamoun 2013; Ata-Ali and Ata-Ali 2014) .
Many 3D image devices and software have been developed to achieve more robust forensic evidence for courts and medico-legal purposes. The 3D imaging approach in forensic identification offers documentation, analysis, and visualization of dental evidence with minimum dimensional distortion (Thali et al. 2003; Marques et al. 2013; Chaudhary et al. 2018) . A previous study by Evans et al. (2013) found that the 3D scanner Vivid 910 (Konica Minolta Sensing, Inc., Tokyo, Japan), also used in this study, was adequately recorded the surface of the dental casts.
This study was conducted by examining the 3D surface data of dental casts obtained from 3D scanner Vivid 910 in two experimental designs. The first experiment was aimed to verify the effective number of teeth and the involved dental arch segment, while the second experiment was arranged to determine the minimum surface of tooth representing and being used sufficiently for dental identification.
Materials and methods

Dental cast acquisitions
Subjects who met the inclusion criteria have engaged in this study after voluntarily providing written informed consent. The inclusion criteria of this study were healthy subjects without severe dental crowding, dental caries, attrition/abrasion, missing teeth, and orthodontic appliances, and agreed to participate as a subject. All experiment designs were conducted in accordance with a protocol reviewed by the Independent Ethics Committee of Tohoku University School of Dentistry, Japan (permit no: 2017-3-17). The number of subjects enrolled in this study was determined after consulting an expert in statistics.
The maxillary dental arch was considered to be used in this study because it is easier for forensic dentists to reach and record in the actual identification cases. For example, the complication sometimes arises when opening the mouth of the dead body. In such situations, the labial surface of maxillary teeth will be easier to reach and register than the mandibular teeth.
The maxillary dental condition of the participant was recorded using a dental impression tray and the alginate impression material powder Aroma Fine Mixer Type® (GC Corp., Tokyo, Japan) to fabricate the dental cast. Afterward, each dental cast was trimmed and cleaned on its surfaces from small bubbles to obtain optimum scanning results.
3D scanner and software
The 3D surface data collection of the dental cast in this study was performed using a 3D scanner Vivid 910. Vivid 910 is a non-contact 3D digitizer that employs a triangulation method. The Vivid scanner has been used for several years by clinical and forensic applications, such as examining changes in patients with cleft palates (Kitagawa et al. 2004) , investigating facial changes (Kau and Richmond 2008) , and analyzing bite-mark evidence (Flora et al. 2009; Evans et al. 2013) .
The Polygon Editing Tool (PET) software that comes with Vivid 910 was used to align and merge multiple scanned data into a single polygonal model. The polygonal model acquired from the PET then processed in the Rapidform XOS/SCAN software (INUS Technology, Inc., Seoul, South Korea) to generate the 3D point cloud data (Fig. 1 ).
3D image registration
The dental cast scanning process was done by placing the dental cast on a rotating table to simplify its 360degree rotation, with the biting edges facing upwards. Vivid 910 positions towards the dental cast was approximately 45°allowing the scanning of the entire dental cast surfaces. Each dental cast was scanned from six points of view (a field of approximately 60°could be captured in a single scan), resulting in a single 3D data from each point of view. The dental cast scanning was done twice in separate sessions.
Some algorithms have been developed in several studies to automatically align and estimate the similarities between two 3D images in a process commonly called image registration (Williams and Bennamoun 2001; Williams et al. 2003; Mian et al. 2006) . A similar approach of the image registration was used in this study, starting with the adjustment of the transformation parameters of each scanned 3D data in PET software, i.e., 3D rotation and translation.
After the adjustment process in PET, all of the scanned 3D data were processed using the Rapidform XOS/SCAN software. Multiple 3D data acquired from six points of view were aligned for each subject based on the transformation parameters obtained by PET and merged into a single 3D dataset, resulting in 3D point cloud data.
Two sets of experiments were designed by superimposing the genuine and the imposter pairs, termed as experiment 1 and experiment 2 (Fig. 2) . The genuine pair is a concept of information science to define the superimposition between two 3D datasets derived from the same subjects from the first and the second scanning.
The imposter pair is the superimposition of two 3D datasets from the different subjects, i.e., subject 1 (first scanning) vs subject 2 (second scanning).
The 3D dataset superimposing groups were classified as follows: eight groups in experiment 1 and three groups in experiment 2. Afterward, 3D datasets between subjects (both the genuine and the imposter pairs) were aligned following the midline of the reference image as the guideline. Especially, for the right and left posterior groups in experiment 1, the 3D dataset alignment was based on the position of the second premolar teeth of the reference images. The 3D dataset from the first scan was used as the reference images, and the 3D dataset from the second scan was referred to as the moving images.
Root mean square errors (RMSEs) in both experiments were calculated using the iterative closest point (ICP) algorithm, performed in MATLAB (MathWorks, Inc., Natick, MA, USA). The ICP is an algorithm employed to minimize the discrepancies between two 3D data point clouds (Fig. 3) . The RMSE can be defined as the representation of the standard deviation of the discrepancies between the observed subjects (Zhang 2014) . The RMSE distribution patterns of each group were investigated in experiments 1 and 2. An overview of 3D data acquisition, processing, and data analysis are explained in Fig. 4 .
Experimental design Experiment 1
The first experiment was performed to verify the effective number of teeth and the involved dental arch segment for forensic identification. All surfaces of teeth (labial, palatal, and occlusal) were included in experiment 1.
The groups made for 3D dataset superimposition in experiment 1 were classified as follows: full arch (A); partial arch from the left to the right second incisor (B), the left to the right canine (C), the left to the right first premolar (D), the right central incisor to the right last molar (E), the left central incisor to the left last molar (F), the right second premolar to the right last molar (G), and the left second premolar to the left last molar (H). The number of included teeth and the involved dental arch segment (bilateral and unilateral arches) for each group are illustrated in Fig. 5 .
Experiment 2
The second experiment was conducted by superimposing the labial surfaces of the anterior teeth between subjects. The labial surface was selected as an approach to the development of actual identification tasks, i.e., when there are difficulties in opening the victim's mouth, recording the labial surfaces of the anterior teeth will be easier for the forensic dentist. The 3D point cloud data of the anterior teeth and bilateral dental arch groups (groups B, C, and D in experiment 1) were divided by excluding the palatal surfaces and retaining only the labial surfaces. Groups for experiment 2 (Fig. 6 ) were classified as follows: labial surfaces from the right to the left second incisor (B′), the right to the left canine (C′), and the right to the left first premolar (D′).
Statistical analysis
The statistical analysis in this study was carried out using IBM SPSS Statistics version 23.0 (International Business Machines Corp., Armonk, NY, USA). The scattered plot diagram described the distribution of the RMSE value of the genuine and the imposter pairs. The Mann-Whitney U test was used to analyze the significance of the difference of the RMSE value between the genuine and imposter pairs, and between experiments 1 and 2. The threshold of statistical significance was set at p < 0.05.
Results
Experiment 1 Table 1 shows a summary of the descriptive analysis of experiment 1. In general, the mean and SD of the RMSE value of the imposter pairs were significantly larger than the observed values in the genuine pairs. The quantitative analysis was revealed that the average RMSE value of the genuine pair was 0.182 + 0.032 mm, while that of the imposter pair was 0.766 + 0.149 mm. The findings of the Mann-Whitney U test indicated a significant difference between the genuine and imposter pairs in the mean and SD of the RMSE, with p < 0.05. The difference between the genuine and the imposter pairs was described in the scattered plot diagram and the histogram as shown in Figs. 7 and 8 . The distribution pattern of the genuine and imposter pairs in group A, comprising of the full dental arch (16 teeth), was Fig. 5 Group s for superimposing the 3D dataset of the dental casts in experiment 1. Full arch (a); partial arch from the left to the right second incisor (b), the left to the right canine (c), the left to the right first premolar (d), the right central incisor to the right last molar (e), the left central incisor to the left last molar (f), the right second premolar to the right last molar (g), and the left second premolar to the left last molar (h) Fig. 6 Groups for superimposing the 3D dataset of the anterior teeth in experiment 2. Labial surfaces from the right to the left second incisor (b′), the right to the left canine (c′), and the right to the left first premolar (d′) Groups ah) . Full arch (a); partial arch from the left to the right second incisor (b), the left to the right canine (c), the left to the right first premolar (d), the right central incisor to the right last molar (e), the left central incisor to the left last molar (f), the right second premolar to the right last molar (g), and the left second premolar to the left last molar (h) Fig. 8 The distribution pattern of root mean square errors (RMSEs) of the three-dimensional data for the genuine and imposter pairs in experiment 1 (Groups ah) apparent that the histogram limit was in the wide range for the imposter pair compared with the genuine pair, and the RMSE value of the genuine pairs was in the lower level of the scattered plot diagram. On the other hand, the peak of the histogram and the RMSE value distribution of groups C, D, E, and F on the scattered plot diagram and histogram had narrower, between the genuine and the imposter pairs. There were also clear differences in these groups, with 6 teeth in group C and 8 teeth in groups D, E, and F. In groups B, G, and H, consisting of 4 teeth, few overlapping areas on the histogram were observed. Even there were a few overlapping areas in the distribution; there were possibilities for distinguishing between the genuine and the imposter pair in these groups.
Experiment 2
Experiment 2 included only the labial aspect of teeth. The descriptive analysis as defined in Table 2 shows that the mean and SD of the RMSE value in the genuine pairs were smaller than in imposter pairs. The genuine pairs had an average RMSE value of 0.187 + 0.041 mm, while the imposter pairs were 0.783 + 0.219 mm. According to the Mann-Whitney U test results, significant differences between the genuine and the imposter pairs were also found in all groups, with p < 0.05. Similar to the findings of experiment 1, the differences in the distribution pattern of the genuine and imposter pairs were also observed in these three groups (Fig. 9 ). Group B′ consisted of four teeth and also showed significant differences between the genuine and imposter pairs; however, the distribution had a few overlapping areas. The Mann-Whitney U test revealed that there were no significant differences in the RMSE between the labial (groups B′, C′, and D′) and full teeth surfaces (groups B, C, and D), p > 0.05.
Discussion
Three-dimensional surface matching is a process of comparing the surface and decides the best match between two given similar surfaces. Considering many advantages of 3D imaging techniques, such as accuracy and precision, the 3D surface matching was used in this study by calculating the RMSE value (Besl and McKay 1992; Williams et al. 2003; Mian et al. 2006; Xiao et al. 2007) .
Considerable interest has been shown in the development of 3D imaging for forensic identification. Evans et al. (2010) performed an experiment to explore the potential of 3D imaging in forensic odontology and simulated a 3D imaging bite-mark analysis using the MAVIS stereo-photogrammetric system and Vivid 910. According to the study by Evans et al., Vivid 910 , which is also used in this study, has produced an excellent 3D image data of dental casts (Evans et al. 2010 (Evans et al. , 2013 .
The objective of this study was to determine the effective number of teeth used in personal identification by analyzing the 3D surface data of dental casts. Therefore, subjects without severe dental crowding, attrition/ abrasion, or missing teeth were enrolled to establish a suitable condition of the dental cast for the classification groups. Eight groups (groups A-H) in experiment 1 were classified to verify the effective number of teeth and the dental arch section used for identification. Fullsurface 3D data of dental cast was involved in experiment 1 to examine the effectivity of this method. Then, the area for comparing the 3D dataset was limited to the labial aspect in experiment 2 to specify the effective tooth surface for dental identification work.
In experiment 1, the RMSE value of the imposter pairs showed significantly wider ranges than the genuine pairs and the difference between the genuine and the imposter pair were described on the color map of the superimposed 3D dataset ( Figs. 10 and 11 ). Significant differences in RMSE between the imposter and genuine pairs were observed in all eight groups, suggesting several useful features of the condition. First, the number of included teeth influences the distribution pattern of RMSE between the genuine and imposter pairs. The difference between the genuine and imposter pairs was clearly distinguished by comparing at least six teeth. While the entire-arch presentation enhances overall reliability, the identification process can be applied to a segment of the dental arch. Second, when more teeth were included in the comparison, the histogram peak had a wider range in the imposter pair. On the contrary, when fewer teeth were included, the distribution of the imposter pair had a narrower limit than the genuine pair. Third, the involved dental arch segment has also affected the distribution of RMSE value. The results from groups involving both the left and right dental arches (bilateral arches) were clearer when distinguishing between the genuine and imposter pairs compared to the use of onesided dental arches (unilateral arches). The authors believe that there are fewer differences when superimposing fewer teeth and considering a small section of the dental arch with subjects who meet the inclusion criteria. In the actual identification process, the forensic team is facing a major challenge in establishing the identity of the victim correctly. In some cases, the victim's intraoral state may not be well preserved, and therefore, forensic dentists are unable to determine the number of remaining teeth of the victim. There are also problems or obstacles in opening the victim's mouth in some mortality cases and may prevent the forensic dentist from recording the intraoral condition precisely. Even in such situations, it is possible to obtain a dental impression of the labial surface of the anterior teeth using some dental materials.
Relying on the accuracy and precision of the 3D imaging system, useful and adequate information could be obtained for dental identification work even if the image is limited to the labial surface of the anterior teeth. In the present study, the result of experiment 1 was used to generate further limited conditions for experiment 2 to examine the effectiveness of the method to be applied in actual identification tasks, considering the cases with mouth-opening limitations.
Significant differences between the genuine and imposter pairs were also observed in the superimposition Fig. 9 The distribution pattern of root mean square errors (RMSEs) of the three-dimensional data for the genuine and imposter pairs in experiment 2. Labial surfaces from the right to the left second incisor (b′), the right to the left canine (c′), and the right to the left first premolar (d′) Fig. 10 Color map of the superimposed 3D dataset within the genuine pairs Fig. 11 Color map of the superimposed 3D dataset of the imposter pairs of the labial surface in all three groups. Nonetheless, similar to the result of experiment 1, when more than 6 teeth were included, the differences were more noticeable. Besides, there were no significant differences in the RMSE values between experiments 1 and 2. These results suggest that the 3D images of a minimum six labial surface of the anterior teeth are adequate to be used for dental identification tasks.
In the actual identification work, it is much easier for the forensic dentist to register, taking an impression, and acquiring the 3D data of the anterior teeth. This method could, therefore, be applied not only to trismus cases, but also to cases involving missing molars, artificial crown coverage, no dental treatment (sound teeth), and minimizing a dental autopsy to the dead body. The curve shape of the dental arch pattern of the anterior teeth is also an advantage when analyzing the 3D data of the dental arch using the ICP algorithm since it is easier to be aligned between subjects.
To avoid inter-observer errors, one researcher semiautomatically performed the scanning, data processing, superimposing, and the pair value calculation. Therefore, optimal data acquisition at the scanning process has to be encouraged obtaining precise 3D data.
Conclusion
Through these experiments for all possible pairs of subjects, a clear difference in the RMSE was observed between the genuine and imposter pairs. These results indicate the ability for highly accurate human identification using the 3D imaging technique. The future study with a greater number of samples will be suggested to assess the robustness and the reliability of this method.
Although some helpful conditions for 3D dental identification have been suggested in this study, further studies are necessary to improve the reliability of this method for a specific identification task, which may involve cases of random missing teeth, extreme crowding, fractured teeth, anomaly, etc. Moreover, it is important to compare the present study approach with the use of an intra-oral scanner that has been developed rapidly in recent years and endeavors to devise a simple and easy method that can be applied in actual daily work.
Abbreviations 2D: Two-dimensional; 3D: Three-dimensional; ICP: Iterative closest point; PET: Polygon editing tool; RMSE: Root mean square error
